The determination of apparent density followed NP 2285 (PORTUGAL, 1991) and Bicho (2005) , using a beaker of 250 mL, with a precision of 0.01 g. The difference between the replicates did not exceed 2%. Based on the apparent density of roasted coffee and green coffee, the relative percentage was determined.
Moisture
The moisture of the roasted coffee was determined according to ISO 11294 (INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, 1994 ) using a weighing vessel which was placed in an oven (103 ± 1 °C, for 1 hour), cooled in a desiccator, and weighed. Next, approximately 12 g of roasted coffee were weighed ground using a mortar and pestle. Approximately 5 g of roasted ground coffee were placed in the weighing vessel, covered, and weighed to an accuracy of 0.1 mg. The samples were then placed in an oven (Heraeus, Germany) at 103 ± 1° C for 4 hours, cooled in a desiccator to room temperature, and weighed to an accuracy of 0.1 mg. Data represent the average of five replicates. CHEMISTS,1996) . Five grams of ground coffee (sieve nº 30) were dried in a muffle furnace (Heraeus, Germany) at 100 °C. Next, the temperature was gradually increased up to 525 ± 25 °C to obtain the ash. The ash was then moisturised with several drops of water and placed in a water bath for drying and then on a hot plate for final drying. Thereafter, the residue was taken back to the muffle furnace (at 525 ± 25 °C, for 1 hour), after which was cooled to room temperature in a desiccator, and weighed. Weight determination was repeated at 30 minutes-intervals to obtain constant mass.
Total and acid-insoluble ash

Total ash was determined according to AOAC ( A S S O C IAT I O N O F O F F I C IA L A NA LY T I C A L
The ash insoluble in hydrochloric acid was determined according to AOAC method (ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS, 1996) . The ash insoluble in hydrochloric acid was obtained from the ash insoluble in water, to which 25 cm 3 of 10% (w/w) hydrochloric acid (Merck, 37% purity) was added, followed by boiling for 5 min and filtration. The filter (ash free) and its residue were initially burnt in a heating plate (5 minutes) and afterwards placed in the muffle furnace (525 ± 25 °C) for 10 minutes. Weight measurements were carried out in triplicate to an accuracy of 0.1 mg.
Ether extract
The ether extract content was determined according to Esteves and Oliveira (1970) and AOAC (ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS, 1996). Five grams of and is useful in interpreting colour differences (CAMELO; GÓMEZ, 2004; VOSS, 1992) and in the perception of fruit and vegetable quality (SHEWFELT, 1993) . Chroma is the colour purity or saturation (SPÓSITO; BASSANEZI; AMORIM, 2004).
To evaluate the quality of roasted coffee, classic standard methods have usually been used, namely volume, mass, apparent density, moisture, total ash, ash insoluble in hydrochloric acid, and ether extract. Several studies have been carried out to correlate colour with coffee drink quality (MAZZAFERA; GUERREIRO FILHO; CARVALHO, 1988) . Accordingly, the use of fast and non-destructive indicators might contribute to roast coffee quality assessment allowing the definition of the technological quality that might influence the sensory quality of the drink. Hence, using the illuminants D 65 and C, the chromatic parameters of C. arabica and C. canephora species (known as Arabica and Robusta coffees, respectively) related to the increase in roasting intensity and their physical characteristics were evaluated.
Materials and methods
Sampling
Sampling of Coffea arabica (Brazil) and Coffea canephora (India) was carried out according to the Instrução Normativa Nº 8 (BRASIL, 2003 ), NP 1666 (PORTUGAL, 1980 and ISO 4072 (INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, 1982) , as described in Bicho et al. (2011) . Briefly, the sampling process began with the selection of green coffee bags, following PSCB Nº 36/02 (INTERNATIONAL COFFEE ORGANIZATION, 2002) , at random (a minimum of 10% of the lot, with ca. 2000 kg). The selected bags were separated from the lot and, using a probe, 30 + 6.0 g of coffee were collected in triplicate from three different points (top, middle and bottom) of each bag. These collected samples were then joined in a pool representing an overall take of green coffee, with a minimum mass of 1.5 kg. Arabica and Robusta green coffee samples were therefore submitted to three degrees of roasting intensity (T 1 , T 2 , and T 3 ; 200-240 °C, 5-12 minutes) for all the subsequent analyses.
Volume, mass, and apparent density
The volume increase of roasted coffee was determined following the method described by Aguiar and Vilar (1979) with minor modifications. The apparent volume of coffee beans was measured before and after roasting using a beaker of known volume (500 mL). The percentage of increased volume of coffee beans during roasting (Δv) was therefore calculated, using the . Data represent the average of five replicates. To quantify the mass loss, 100 coffee beans were weighed before and after roasting. Therefore, the percentage of mass loss after roasting (Δm) was or angle of ink or hue angle, which indicates colour variation in the plane formed by the coordinates a* and b*) (FLORÊNCIO; RAPOSO, 1974; CHERVIN; FRANZ; BIRRELL, 1996) . These parameters were determined considering (McGUIRE, 1992; CHERVIN; FRANZ; BIRRELL , 1996) 
Statistical analysis
The data were statistically analyzed using two-way ANOVA (p ≤ 0.05) applied to the studied parameters (considering both roasting degrees and coffee types). Based on the ANOVA results, the Tukey's test was performed for mean comparison at 95% confidence level.
Results and discussion
The volume of roasted coffee was closely related to the intensity of roasting (Table 1) , but a higher increase was found for Arabica coffee (Table 1 ). The patterns displayed by Robusta and Arabica coffees were similar to previous reports (COSTE, 1992; XABREGAS et al., 1971; CORREIA, 1990) , with the volume increase being related to the release of beans tension and gases expansion in the endosperm (implying cell swelling), as well as to the stretching of cellular membranes (CORREIA, 1995) . Therefore, the highest volumes of Arabica roasted coffees ground (sieve nº 30) green or roasted coffee were dried in an oven (100 °C, 2 hours), transferred to a filter cartridge, and placed in a Soxhlet glass extractor. Petroleum ether (boiling point 30-60 °C) was added, and the extraction was carried out for 16 hours. Thereafter, the solvent was evaporated and the residue dried in an oven at 100 °C. The residue was cooled to room temperature and weighed until the difference between two successive weighings did not exceed 0.1% of the original mass of the sample. Weight measurements were carried out in triplicate.
Colour evaluation
The colour of coffee beans and ground coffee was measured using a CR-300 colorimeter (Minolta, Japan) and the illuminants D 65 and C (device manufacturer specifications). The colorimeter was calibrated with a white standard tile, in order to obtain the coordinates for each illuminant: L * = 97.27, a * = -0.01, b * = 1.98, for the illuminat D 65 and L * = 97.26, a * = + 0.01, b * = 1.94, for the illuminant C. The colour space was chosen to obtain the results expressed in the chromaticity coordinates L* a* b* samples for the selected illuminant. According to McGuire (1992) , the coordinated L * represents lightness (contribution of black or white varying between 0 and 100); a * represents the contribution of green or red (positive or negative); and b* represents the contribution of blue or yellow (negative or positive). The coordinated L * is perpendicular to the plane containing the chromaticity coordinates a* and b* (McGUIRE, 1992) . Considering the coordinates L* a* b*, the colour is expressed through L* C* H°, where: L* is brightness; C* is chroma or saturation (FLORÊNCIO; RAPOSO, 1974; CHERVIN; FRANZ; BIRRELL, 1996) ; and H° is tone (or hue Indeed, the ratio between the apparent density of roasted and green coffee samples was over 60%, in roasting T 1 but decreased in roasting T 2 and was further reduced in roasting T 3 , in which the minimal values of 47.7% (Arabica) and 53.1% (Robusta) were found (Table 1) .
The moisture content of green and roasted coffee beans varied within the ranges of 9.06-9.24 and 3.12-1.11 wt. (%), respectively, which allows its commercialization (ASSOCIAÇÃO BRASILEIRA DA INDÚSTRIA DO CAFÉ, 2007) independently of the roasting degree. Differences between coffee types were noticed only due to the roasting process (Table 1) . Comparing data from the two coffee genotypes, Arabica coffee proved to be less sensitive during dehydration, what might be related to its shorter roasting process, leading therefore to a reduced water loss. On the other hand, the green Arabica coffee usually shows a higher fat content (FOLSTAR, 1985) . That would increase the calorific values of the beans, leading to shorter time interval temperatures that favour the Maillard reactions, responsible for the development of the characteristic colour and pleasant aromas (BICHO, 2005) .
Depending on the type of processing, soil conditions and use of fertilizers, especially those that supply potassium (CLARKE, 1985; MORGANO et al., 2002) , the content of total ash might vary. Yet, in the analysed Arabica and Robusta were associated to the additional production, retention, and expansion of carbon dioxide, and lower resistance of the cell wall (CLIFFORD, 1987).
As previously reported for Angola and Brazilian coffees (ESTEVES; OLIVEIRA, 1970; CORREIA, 1990; DAGLIA; CUZZONI; DACARRO, 1994) , the increase in the intensity of green coffee roasting followed a significantly mass loss that ranged from 10.5 to 19.4% and 10.1 to 16.7% in Arabica and Robusta coffee, respectively (Table 1 ). Significant differences were found between these two coffee genotypes in terms of roasting intensity. The mass loss of green coffee, which occurred with the increased roasting intensity, resulted from the removal of water, organic substances, and silver skin (ESTEVES; OLIVEIRA, 1970; BELITZ; GROSCH, 1988; CORREIA, 1990; COSTE, 1992) . Nevertheless, the higher mass losses observed in Arabica coffee can additionally be attributed to an increase in the content of volatiles, which are released during the roasting process (CORREIA, 1990) .
The green coffee beans of Arabica and Robusta genotypes had similar apparent density values. However, this parameter significantly decreased in both genotypes with the increased roasting degree, whereas the differences between genotypes related to volume increase and mass losses increased (Table 1) . Table 2 . Chromatic parameters of Arabica and Robusta whole coffee beans. Each value represents the mean ± S.E. (n = 9).* 1998; AGUIAR et al., 2005) . The studied green coffee samples showed a content of ether extract close to those referred values, with Arabica displaying a higher value than that of Robusta (Table 1) , following what was found in other genotypes (ESTEVES; OLIVEIRA, 1970; FOLSTAR, 1985; AGUIAR et al., 2005; MAZZAFERA et al., 1998) . Roasting did not change the contents of ether extract of Arabica and Robusta coffees, thus, maintaining the differences between them already observed in the green bean values. Still, for both coffee genotypes slight decreases in T 1 and T 2 , and some increases in T 3 were observed, and the latter can be attributable to mass losses (FOBÉ; NERY; TANGO, 1968; FOLSTAR, 1985; TOCI; FARAH; TRUGO, 2006) ( Table 1 ). In fact, with the roasting intensity increase, the outer layer of the coffee beans become more oily as the lipids (mostly located in the endosperm with an additional small amount of wax) are expelled to the external areas of the bean and form an impermeable protective layer, which would minimize the loss of substances responsible for the organoleptic characteristics of the beverage (CLIFFORD, 1987; COSTE, 1992; AGUIAR et al., 2005; SPEER; KÖLLING-SPEAR, 2006) .
The analysis of the chromatic parameters, using the illuminants D 65 and C, showed that lightness (L*) as well as parameters a*, b*, C* and H° were not significantly different between genotypes when comparing the same roasting degree genotypes, the total ash values of the green coffee samples remained quite similar and close to 4% (Table 1) , which is within the range reported by Smith (1985) and Clarke (1985) . Furthermore, total ash in roasted Arabica and Robusta coffees did not vary significantly with roasting intensity (Table 1) remaining within the range of 4.53-4.64% (Arabica) and 4.60-4.65% (Robusta), which were similar to those reported by Smith (1985) and considered admissible for marketing (ASSOCIAÇÃO BRASILEIRA DA INDÚSTRIA DO CAFÉ, 2007) . This data revealed an absence of significant variation in the mineral components with roasting, with the minerals being separated from the original organic compounds to catalyze the pyrolysis reactions.
It can be said that the ash insoluble in hydrochloric acid is the earthy residue of the coffee samples (ESTEVES; OLIVEIRA, 1970) and is, therefore, an indicator of the absence of silica and silicon constituents. Its content did not presented significant differences (Table 1 ) and, since was lower than 1%, will allow the commercialization of green and roasted coffee (ASSOCIAÇÃO BRASILEIRA DA INDÚSTRIA DO CAFÉ, 2007) .
The content of ether extract in Arabica and Robusta coffee is known to vary with the geographical origin of the plants, but it is usually close to 15 and 9%, respectively (XABREGAS et al., 1971; CLIFFORD, 1987; FOLSTAR, 1985; MAZZAFERA et al., parameters L*, a*, b*, C* and H°. Some differences were found for the parameters a*, b* e C* in relation to the roasting process, although without a useful trend for coffee quality assessment .
On the other hand, the L* and H o parameters followed the same and consistent pattern of variation, which did not differ among illuminants. Therefore, they constitute reliable and easy-to-use parameters to study colour change that occur during roasting, enabling a relationship with coffee quality.
( Table 2 ). Moreover, within each type of roasted coffee beans, the pattern of lightness (L*) revealed an antagonist interaction with increased roasting intensity. The parameter a* increased significantly in roasting T 1 of Arabica and Robusta coffee due to the yellowish intensification in the initial phase of the burning process, but a decrease was found in T 2 and T 3 ( Table 2 ). The coordinate b* also showed an antagonist pattern with the increased roasting intensity, due to the increased browning of the beans (Table 2) . Accordingly, parameters C* and H° also decreased significantly along the roasting process showing an increased reduction from green coffee to the T 3 roasting intensity degree (Table 2) .
After milling, significant differences were found between green Arabica and Robusta coffees in several colour parameters for the two illuminants (Table 3 ). The parameter L* decreased significantly with roasting, whereas a* (green/red contribution) increased sharply in Arabica and Robusta T 1 roasting degree and decreased in T 2 and T 3 degrees (contributing therefore to the red colour of the roasted coffee powder), similarly to what happened before milling the beans. Yet, after milling a* values in T 2 and T 3 were still much higher than in green coffee (Table 3) , contrary to what happened for the whole bean (Table 2) . Also, the coordinate b* (yellow/blue contribution) increased in roasting T 1 degree (contrary to what was observed with whole beans) and decreased significantly in T 2 and T 3 degrees. The parameter C* varied similarly to the chromatic coordinates a* and b* with a substantial increase in T 1 degree, decreasing thereafter for T 2 and T 3 , although maintaining higher values than those of the whole bean. The parameter H° (hue) decreased sharply with the increased roasting intensity (Table 3) following a similar pattern found of the whole bean. The brightness and tone of the coffee powder samples showed similar variations, exhibited antagonist patterns with increased roasting intensity.
Conclusions
The samples of green and roasted coffee powder proved to have the standard characteristics for commercialization. They showed higher values of brightness and chromatic coordinates, mainly in Robusta coffee, yet the colour difference decreased with the roasting intensity, possibly as a result of the temperature gradient across the bean, which inevitably leads to colour deviation in relation to ground roasted coffee.
The coordinates a* and b* of whole and ground coffee beans are located in the chromatic plane, close to the axis of light, with greater influence of one or another chromatic coordinates. Therefore, depending on the roasting intensity, it follows that roasted coffee can show a brownish colour, yellower in lighter roasts, becoming reddish brown in medium roasting and dark brown in intense roasting.
Moreover, lightness (L*) decreases significantly with increased roasting intensity, as a result of the contribution of the development of a higher brown colour intensity (becoming darker), related to a saturation dependence of the variation of coordinates a* and b*.
The illuminants D 65 and C for colour analysis of coffee beans and powder showed similar variation patterns for the
